Single chip micro direct methanol fuel cell (SC-µDMFC) is attractive as a chip scale power source for micro electromechanical system (MEMS) devices. A multilayer structure is commonly employed for the fuel cell. The durability of SC-µDMFC should be mostly affected by interface energy. In this study, SC-µDMFC is fabricated by employing a photoresist / Pt electrode / PFSA film multilayer structure. The fabrication of SC-µDMFC (chip size of 2.0mm×2.0mm ×500µm) is succeeded without any film peeling. Consequently, maximum output power of 0.07µW is obtained. The film peeling of SC-µDMFC is also analyzed by the interface energy method. As a result, several layers of weak adhesion are predicted. However, the film peeling could not occur by the contribution of the other mechanical adhesion factors. The experimental results indicate the durability of the SC-µDMFC.
Introduction
Micro fuel cell is widely studied due to the growth of micro electromechanical system (MEMS) devices [1] [2] [3] . It is required to minimize the fuel cell components in order to integrate to the devices. Several groups have made micro fuel cells integrated on various substrates as a chip scale power source [2] [3] [4] [5] . The authors have reported a fuel cell formed on a PFT film substrate [6] . In this case, semiconductor fabrication process was commonly employed for the multilayer structure fabrication. However, electrolyte of perfluorosulfonic acid (PFSA) film is difficult to fabricate a micro pattern by photolithography technique due to a film peeling under wet process [5, 7] .
In this study, the fabrication of a single chip micro direct methanol fuel cell (SC-µDMFC) is discussed. A photoresist / Pt electrode / PFSA film multilayer structure is employed for fabrication of the SC-µDMFC. The electrolyte and anode Pt electrode layer are simultaneously fabricated as a multilayer structure by photolithography and etching process with Ar gas. The electric power generation property and film peeling of the SC-µDMFC is evaluated. The film peeling of SC-µDMFC is also discussed by adhesion property analysis. The adhesion property is affected by chemical bond, internal stress and interface energy interaction. In this case, it can be considered that adhesion property should be most affected by interface energy. In this regard, the film peeling of the SC-µDMFC under development and electric power generation is evaluated. The durability of fuel cell components is also discussed. 
By the optical lithography, a window pattern of cathode electrode was formed on the SiO 2 layer with positive type photoresist (FH-880ZS, FUJIFILM).
(c)
As a cathode electrode, approximately 250nm thick Pt film was formed on the sample surface by RF magnetron sputtering method at 50W for 20min under 3Pa pressure of Ar gas. The sputtering gas purity was 99.99%.
The Pt film on the photoresist was removed by immersing into acetone with ultrasonic vibration for 3min. The cathode electrode was formed on the SiO 2 layer.
(e)
In order to form a smooth PFSA film, A glass substrate was attached to the back side of the sample with positive type photoresist. The photoresist film was baked at 120 ˚C for 5min.
(f)
A PFSA solution (Nafion DE2020, DuPont) was coated by spin coating at 1000rpm for 30sec on the sample surface. The micro hole was filled with PFSA solution. The PFSA film was baked at 120 ˚C for 5min. The glass substrate was peeled by dipping into TMAH2.38% aqueous solution.
(g)
As an anode electrode, approximately 80nm thick Pt film was formed on the sample surface by RF magnetron sputtering method at 30W for 5min under 3Pa pressure of Ar gas.
(h)
By optical lithography, a photoresist pattern of anode electrode was formed on the Pt film surface with positive type photoresist. Then the photoresist / Pt electrode / PFSA film multilayer structure was formed.
(i)
The multilayer structure was etched by etching process with Ar gas at 100W for 5min under 20Pa pressure. Then the SC-µDMFC was fabricated.
(j)
The SC-µDMFC was assembled on a package by a carbon tape. The SC-µDMFC was connected with a package by an Al wire for measurement. A schematic diagram of SC-µDMFC was shown in Fig.1 . The SC-µDMFC was observed by SEM in order to evaluate the film peeling.
Electric power generation measurement
The SC-µDMFC was operated in 25±2˚C by applying 3wt% methanol aqueous solution of 4.2µl. The fuel was dropped on the anode Pt electrode. A certain amount of oxygen molecule was allowed to diffuse the cathode electrode from ambient air. The output voltage at external load (100kΩ) was measured by data logger (LR8400, HIOKI) until fuel evaporation.
Surface energy analysis of SC-µDMFC components
In order to evaluate a film peeling of the SC-µDMFC, the surface energy of fuel cell components was analyzed. Material component of SC-µDMFC was fabricated on the Si substrate as summarized in Table 2 
Moreover the wetting energy between the surface and test liquid are represented as an interaction between these materials as follows.
Surface energy γ can be determined by these equations. The surface energies were represented in a surface energy factor map as shown in Fig.2 . The factor map clearly represents the interactions among the fuel cell components. 
We can discuss the liquid intrusion based on the spreading coefficient S as follows.
S < 0: Poor interface energy balance (Liquid intrusion should occur) S > 0: Good interface energy balance (Liquid intrusion should not occur)
In this regard, the spreading coefficient S [mJ/m 2 ] was represented as a circular model as shown in Fig.2 . If the factor of a liquid is pointed at inner area of the circle, liquid intrusion should occur (S < 0). The detail of circle model is described in the literature [9] . Figure 3 shows the SEM photograph of plane image of the fabricated SC-µDMFC. The photoresist / Pt electrode / PFSA film multilayer structure is fabricated with no film peeling (Fig.3a) . The multilayer structure is etched with Ar gas, and the SC-µDMFC is fabricated (Fig.3b) . The electric power generation is confirmed by applying 3wt% methanol aqueous solution on the anode Pt film as shown in Fig.4 . The maximum cell voltage and output power are 70mV and 0.07µW. This result clearly indicates that fabrication of SC-µDMFC is succeeded.
Results and Discussion

Evaluation of SC-µDMFC operation
Evaluation of liquid intrusion into the SC-µDMFC under development process
Surface energy of the each fuel cell component is determined as summarized in Table 3 . The interactions among the components under development process are shown in Fig.5 . In this case, the SC-µDMFC composed with photoresist / Pt film, Pt film / PFSA and Pt film / Si substrate interfaces. The circular analysis result of the interface is shown in Fig.5 . In the case of the Pt film / photoresist interface, the point of TMAH 2.38% aqueous solution is pointed at outer area of the circle (S > 0). It is evaluated that the TMAH 2.38% aqueous solution should not intrude into the interface of Pt film / photoresist. The spreading coefficients of each material under development process are summarized as Table 4 . As a result, the interface of Pt film / photoresist can be predicted as good adhesion. However, several interfaces can be supposed as poor adhesion in TMAH 2.38% aqueous solution. 3.3 Evaluation of liquid intrusion into the SC-µDMFC under fuel cell operation The surface energy of methanol aqueous solution is shown in Fig.6 . The surface energy clearly reflects the concentration of the methanol aqueous solution. In the case of 3wt% methanol aqueous solution, the factor is pointed at outer area of the circles (S > 0). As a result, the methanol aqueous solution of 3wt% would not intrude into the interface of the SC-µDMFC. However, the factor of methanol aqueous solution more than 10wt% is pointed at inner area of the circle. In general, low concentration methanol aqueous solution is employed as a fuel. This result can be supposed that the SC-µDMFC becomes stable under the electric power generation.
3.4 Durability of photoresist / Pt electrode / PFSA film multilayer structure
On the view point of spreading, it can be supposed to peel the Pt film from the PFSA film due to the intrusion of TMAH 2.38% aqueous solution. In this regard, the film peeling occurs whether or not is also evaluated by using the SEM Table. 4 Spreading coefficient under development process. on the view point of SC-µDMFC fabrication as shown in Fig.3 . However, no film peeling can be confirmed in the SC-µDMFC.
As mentioned before, the adhesion property is affected by chemical bond, internal stress and interface interaction. In general, the adhesion property is improved by many factors [10] . In the case of SC-µDMFC, it is assumed that the adhesion property of Pt electrode / PFSA interface is improved due to the mechanical adhesion (ex. anchor effect) of sputtering. Consequently the interface would be more stable and higher durability in the TMAH 2.38% aqueous solution.
Conclusion
The SC-µDMFC is fabricated by photolithography and etching process. The fabrication process by employing photoresist / Pt electrode / PFSA film multilayer structures are effective for PFSA film patterning. The SC-µDMFC is fabricated without film peeling. Consequently, the maximum output power of 0.07µW is obtained. 
